The PB2 subunit of influenza virus RNA polymerase is known to be involved in the initiation of transcription of the virus genome via cap binding. However, other specific roles of PB2 for viral RNA synthesis are not well understood. Here, we demonstrate that basic residues, 124R, 142R, 143R, 268R and 331K/332R, in the N-terminal half of PB2 are important for the polymerase activity. Notably, R124A mutation remarkably reduced the synthesis of mRNA, cRNA and vRNA in vivo, which was in good agreement with the data obtained in vitro. Cross-linking studies suggested that a reduction of the polymerase activity in the R124A mutant was due to a significant decrease in binding to the viral RNA promoter. In the three-dimensional structure of the polymerase, 124R is visible through the NTP tunnel and is located close to the polymerase active site. We propose that 124R plays a key role in promoter binding during RNA synthesis.
Influenza A virus is a member of the family Orthomyxoviridae and is made up of eight-segmented, negative-sense RNA [1] . Each RNA segment is associated with nucleoprotein (NP) and the RNA-dependent RNA polymerase consisting of PB1, PB2 and PA subunits, to form the ribonucleoprotein (RNP) complex [2] . The PB2 subunit is known to play an essential role in the initiation of transcription. During the process of transcription, PB2 binds to the cap structure at the 5¢ end of the host mRNA [3, 4] , which is subsequently cleaved at a position 8-14 nt downstream from the 5¢ cap structure by the endonuclease activity of the PA subunit [5] [6] [7] . This short-capped RNA is elongated by the PB1 subunit for the synthesis of viral mRNA, which contains the RNAdependent RNA polymerase motif in its central region [8, 9] .
According to a recent report on the crystal structure of the influenza A virus polymerase ( Fig. 1) , PB2 is divided into two domains: one-third N-terminal (aa 1-247) and twothirds C-terminal (248-760) [10] . Several functional domains have been characterized and located, particularly in the C-terminal domain of PB2 [11] , which includes the cap-binding site (aa 320-481), the 627 domain (aa 539-680) implicated in host adaptation [12] [13] [14] and the nuclear localization domain (aa 681-760) which interacts with importin [15] . Despite extensive functional studies, the specific role of PB2 in the RNA synthesis during transcription and replication is not well established, with the notable exception of its cap-binding activity to initiate transcription. Results from a previous study suggest that the N-terminal region of PB2 plays a role in replication but not in transcription, although its precise mechanism is unknown [16] . PB2 can also bind to the promoter RNA [17] [18] [19] . Its binding site, however, has not been mapped.
Because the mechanism by which PB2 participates in transcription and replication is not well defined, we decided to initiate a mutational study in order to investigate the function of PB2. Since positively charged basic residues (R, K and H) have the potential to bind negatively charged viral RNA and are expected to be important for polymerase activity, we focused on clusters of 2-4 basic residues that are highly conserved among influenza A, B and C viruses. Surprisingly, 11 of a total of 15 clusters were found in the N-terminal half of PB2 (1-380) (Fig. 2a) . Among them, we selected eight clusters (C1-C8, Fig. 1 ) by excluding three clusters (32K/33K, 368R/369R and 379R/380R) which are located in the PB1-binding or cap-binding domain. The location of C1 is close to the entry site of the vRNA template. C2 is located in the valley leading to the inner part of the polymerase. C3 and C5 are placed at the inner tunnel toward the polymerase active site. C4 and C6 are near the PA endonuclease domain and the PB2 627 domain, respectively. C7 and C8 are placed in the cap-binding domain. Basic residues in each of the clusters were mutated to alanine and the in vivo activity of the polymerase containing mutant PB2s was evaluated via RNP reconstitution assay. Human embryonic kidney 293T cells were transfected with plasmids expressing A/WSN/33 NA vRNA, NP, PB1, PA and PB2 (WT or mutants). Total RNA was extracted 30 h post transfection and transcript products of viral mRNA, cRNA and vRNA were measured by primer extension [6, 7] and quantified using an image analyser (ImageQuant LAS 4000 Mini: GE Healthcare) (Fig. 2b) . Polymerase carrying mutations in C1 (K61A/R62A), C4 (K187A/K189A/K190A), C5 (R213A/K214A/R216A) and C8 (K339A/R340A) showed either a slight decrease (Fig. 2b , lanes 6 and 7) or no effect (Fig. 2b, lanes 3 and 10) on the level of the primer extension products when compared with PB2 WT. On the other hand, polymerase carrying mutations in C2 (R124A/K126A/H127A), C3 (K140A/R142A/R143A/ R144A), C6 (R268A/K269A) and C7 (K331A/R332A) showed remarkably reduced levels of all three RNA species (mRNA, cRNA and vRNA) when compared with PB2 WT (Fig. 2b, lanes 4, 5, 8 and 9 ), suggesting that basic residues in these clusters are critical for both transcription and replication in vivo. Thus, we prepared single mutants by substituting each of the basic residues in C2, C3, C6 and C7 with alanines to identify which of the residues are critical for polymerase activity. Significantly, single mutations in R124A (C2), R142A and R143A (C3) and R268A (C6) reduced the amount of all three RNA species to extremely low, or almost inactive, levels (Fig. 2c , lanes 2, 6, 7 and 9), suggesting that these residues are critical for both transcription and replication activities of the polymerase in vivo. For R142A, a similar reduction of mRNA, cRNA and vRNA in vivo was described previously [16] . Interestingly, a K269A mutation preferentially decreased the synthesis of mRNA (44 %, Fig. 2c , lane 10), but affected neither the synthesis of cRNA nor that of vRNA (114 and 113 %, respectively), suggesting that 269K may be primarily involved in transcription but not in replication. It was somewhat surprising that single mutations in C7 (K331A and R332A) showed only a slight decrease in all three RNA species (Fig. 2c , lanes 11 and 12), although double mutations (K331A/R332A) decreased significantly (Fig. 2b , lane 9). Based on these data, we selected five mutants (R124A, R142A, R143A, R268A and K331A/R332A) for further experiments.
We have previously shown that a reduction in the polymerase activity leads to a defect in the RNP accumulation [20, 21] . We purified reconstituted RNP using C-terminally tandem-affinity purification (TAP)-tagged PA [22] and quantified the amount of accumulated RNP by Western blotting with NP-specific antibodies [20] . As expected, the NP signal in the TAP-purified material was significantly reduced in all PB2 mutants to the background levels observed in the negative control of the PB1 D446Y mutant, which was catalytically inactive in the replication of viral RNA (Fig. 3a, middle panel) . Nonetheless, the expressions of PA-TAP and co-purified PB1-PB2 and the overall expressions of NP in all PB2 mutants were essentially at a level similar to those of PB2 WT (Fig. 3a , top and bottom panels). These results suggest that these mutations do not affect the expression and assembly of the polymerase trimeric complex (PB1-PB2-PA), but they do significantly reduce the synthesis of viral RNA and consequently affect the assembly and accumulation of RNP.
To find the reason for the functional loss of polymerase activity, we further analysed the mutations in vitro. Because the binding of RNA polymerase to the promoter is an essential step for both transcription and replication, the promoter-binding activity of TAP-purified polymerase was evaluated using UV cross-linking assay [6] . Subsequently, the initiation of transcription and replication was examined via globin mRNA-primed transcription assay and ApGsynthesis assay, respectively [6, 7] . Remarkably, the R124A mutant showed a reduced signal of cross-linked PB2 compared with that of the WT (48 % of vRNA and 18 % of cRNA; Fig. 3b ). Consistent with reduced promoter binding, the R124A mutant showed a significant reduction in replication-initiation activity (48 % of vRNA and 65 % of cRNA; Fig. 3c ) and globin mRNA-primed transcription activity (23 %; Fig. 3d ). These results are in good agreement with , cRNA (160 nt) and vRNA (129 nt) were measured by primer extension. Quantified data were normalized using a 5S rRNA signal and were expressed as percentages relative to PB2 WT (mean±SD; n=3). *Shows statistical significance at P<0.01, relative to PB2 WT polymerase in Student's t-test. the data obtained in vivo (Fig. 2) , suggesting that 124R is mainly involved in promoter binding and, as a consequence, the R124A mutant reduces the synthesis of viral RNA, thereby affecting both transcription and replication. A reduction in promoter binding activity was also observed in the R143A mutant (75 % vRNA and 47 % cRNA; Fig. 3b ), while it retained significant activities of transcription and replication (Fig. 3c, d) . In contrast, the R268A and K331A/ R332A mutants showed no significant decrease in promoter binding, whereas they preferentially inhibited transcription activity (26 and 22 %, respectively, Fig. 3d) . The globinmRNA primed transcription activity of the polymerase includes several activities that are required for transcription: cap binding, promoter binding, endonuclease cleavage and capped-primer extension. Since the locations of 331K/332R are within the cap-binding domain of PB2 (aa 319-480), we assume that the reduced transcription activity in K331A/ R332A might be due to the reduced binding activity to capped-RNA primer, although we did not test this in the present study. The R142A mutant showed no reduction in the activities of promoter binding, replication and transcription ( Fig. 3b-d ), or rather a slight increase in the activity of transcription (128 %, Fig. 3d ), despite a complete loss of the in vivo activity (Fig. 2c, lane 6) . Presumably, the reason for this discrepancy is that an in vivo assay is more sensitive to a small effect of mutation on the polymerase than the in vitro assay, as suggested previously [23, 24] . A small effect on the polymerase could not be detected in the in vitro assay, due to the lack of viral and host factors required for successive rounds of RNA synthesis. Recently, structural studies have suggested that the polymerase could exist in multiple conformations in equilibrium [25, 26] , which may be important for controlling the polymerase activity. It is also possible that no effect of R142A mutation in vitro may be due to the lack of various conformations of the polymerase. It would be interesting to consider the polymerase containing multiple conformations in vitro.
In this study, we found that six residues in the N-terminal half of PB2 (124R, 142R, 143R, 268R and 331K/332R) were critical for the polymerase activity. Structural studies have revealed the importance of the N-terminal domain of PB2 (aa 1-246), which forms the polymerase core domain, together with PB1 and the C-terminal domain of PA [10, 27] . In this domain, the N-terminus of PB2 (aa 1-53) forms a central cavity with PB1, which harbours the polymerase active site. The N-terminal lid domain (aa 153-211) is predicted to be involved in separating the template from the synthesized RNA strands. Furthermore, we have identified three residues (124R, 142R and 143R) crucial for the polymerase activity in the N-terminal domain of PB2, emphasizing that the N-terminal domain of PB2 plays an important role in RNA synthesis. In addition, all six basic residues identified in this study are highly conserved among influenza A, B and C viruses, with only the exception of 268R (268L in influenza C virus, Fig. 2a ). All residues are also structurally conserved when superposed with the influenza A and B virus polymerases, suggesting that they are structurally and functionally important for polymerase function. Although the structure of influenza virus C polymerase has a different conformation, the location of three residues in the polymerase core domain (124R, 142R and 143R) is very similar among influenza A, B and C viruses.
Our UV cross-linking assay showed that the promoter binding was significantly decreased in the PB2 mutant R124A (48 % vRNA and 18 % cRNA), indicating its potential role in promoter binding (Fig. 3) . Reduced promoter binding is clearly consistent with the reduced transcription and replication activities in vitro. We propose that 124R is a key residue in the PB2 N-terminal region involved in promoter binding. The crystal structure revealed that PB2 interacts with the 3¢ end of vRNA promoter through residues 36-49 [10] , but only the proximal region of the vRNA promoter (position 6-9) is visible in the structure. It is conceivable that 124R may interact with the terminal 3¢ end of vRNA promoter, thereby affecting the promoter binding. The location of 124R is in the valley leading to the inner part of the polymerase (Fig. 1) . We also found that 124R is visible through the NTP tunnel from the back side view of the polymerase and is located near the SDD catalytic site (aa 444-446) (Fig. 1, upper close-up view) . This supports that 124R is critical for the RNA synthesis both in transcription and in replication.
Residues 142R/143R are located in the inner portion of the polymerase in the structure and seem likely to be close to the polymerase active site. Indeed, we found that 142R directly contacts the PB1 residues 279K and 280A, which are located in the polymerase palm domain (Fig. 1, lower close-up view) , which is very close to one of the predicted binding sites for incoming NTP in the polymerase motif A (296-314). We speculated that a mutation at 142R and 143R could alter the binding to incoming NTP or could modify the structure around the polymerase active site, thereby possibly reducing the polymerase activity. In addition, 142R/143R are predicted to be involved in guiding the capped RNA primer to the PB1 active site [27] , suggesting its capability to interact with RNA. This might explain an observed reduction in the promoter binding in the R143A mutant (75 % vRNA and 47 % cRNA, Fig. 3b ), although significant activities of transcription and replication were retained in vitro.
The polymerase could exist in two different functional states: transcriptionally active and inactive states (replication state) [25, 26] . Particularly, the flexible domain including C-terminal two-thirds of PB2 and PA endonuclease domain undergo major conformational changes, although the polymerase core domain changes little. Mutations at 268R, 269K and 331K/ 332R in the flexible domain selectively inhibited transcription activity but not replication activity (268R and 331K/332R in Fig. 3d ; 269K in Fig. 2c, lane 10) . The location of these residues was found to be largely rearranged when we superposed two different states of the polymerase (data not shown). We speculate that the location of 268R, 269K and 331K/332R is important for the RNA synthesis in a transcriptionally active state, but they move away to a resting position in a transcriptionally inactive state, in which they are not required for the replication activity.
Overall, our data suggest that PB2 is involved in the initiation of both transcription and replication, in addition to the cap binding. Further functional studies based on the structure would facilitate the understanding of the transcription/ replication machinery of the influenza virus.
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